Hepatitis B virus splice-generated protein (HBSP), encoded by a spliced hepatitis B virus RNA, was recently identified in liver biopsy specimens from patients with chronic active hepatitis B. We investigated the possible generation of immunogenic peptides by the processing of this protein in vivo. We identified a panel of potential epitopes in HBSP by using predictive computational algorithms for peptide binding to HLA molecules. We used transgenic mice devoid of murine major histocompatibility complex (MHC) class I molecules and positive for human MHC class I molecules to characterize immune responses specific for HBSP. Two HLA-A2-restricted peptides and one immunodominant HLA-B7-restricted epitope were identified following the immunization of mice with DNA vectors encoding HBSP. Most importantly, a set of overlapping peptides covering the HBSP sequence induced significant HBSP-specific T-cell responses in peripheral blood mononuclear cells from patients with chronic hepatitis B. The response was multispecific, as several epitopes were recognized by CD8
Hepatitis B virus (HBV) is a small, partially double-stranded DNA virus with four conserved and overlapping open reading frames (ORF) encoding the viral proteins. Persistent infection with HBV is a major health problem worldwide, with more than 350 million patients at risk of developing liver cirrhosis or hepatocellular carcinoma. HBV is not directly hepatotoxic, but some HBV proteins have been directly implicated in liver pathogenesis. The accumulation of the large envelope protein has been shown to have a direct toxic effect on hepatocytes in a transgenic (Tg) mouse model (8) . The transactivation of some cellular genes by the expression product of the 3Ј-truncated preS/S sequence of HBV, which integrates into the genomic DNA of liver cells (12) , and the HBV X protein, which regulates proteasome function, thereby controlling the degradation of cellular and viral proteins, have also been implicated as possible causes of HBV-associated oncogenesis (4, 13) . However, several lines of evidence suggest that the immune response also plays a central role in pathogenesis and liver disease outcome (7, 26) . HBV proteins can trigger immune responses and may participate indirectly in various steps in liver disease. Chronic inflammation and the effects of cytokines secreted by immune system cells are major factors in the development of fibrosis and liver cell proliferation.
Recently, the HBV splice-generated protein (HBSP) was identified. HBSP is encoded by a 2.2-kb singly spliced RNA, and the protein results from the fusion of a sequence encoding the N-terminal part of the polymerase (Pol) and a new ORF created by splicing events. It has been suggested that this protein may also play a role in the natural history and pathogenesis of HBV infection (31) . Antibodies against HBSP have been found in sera from chronic HBV carriers, suggesting that this protein is immunogenic at the B-cell level. Moreover, the detection of anti-HBSP antibodies is significantly associated with severe liver fibrosis (32) . Various proteins encoded by alternative reading frames (ARF) can activate epitope-specific immune responses. Nontraditional epitopes derived from ARF in influenza virus (5) and hepatitis C virus (1) and the antigens of several cancers, including melanoma (17, 29) , have been described previously. We therefore investigated the possible generation of immunogenic epitopes by the processing of the ARF-generated HBSP in vivo, leading to the activation of specific T cells. We show here that HBSP is immunogenic in vivo in humanized mice. More importantly, using peripheral blood mononuclear cells (PBMCs) from chronically HBV-infected individuals, we further demonstrate that HBSP-derived peptides can reactivate a multispecific T-cell response. These T-cell responses may ultimately result in liver damage and contribute to HBV pathogenesis.
MATERIALS AND METHODS

HBSP expression vectors.
The HBSP sequence was cloned from a patient with chronic HBV (genotype A) infection and was inserted into pcDNA3.1/myc-His (Invitrogen, Cergy Pontoise, France). pHBSP expresses HBSP, which corresponds to a fusion between the first 46 amino acids (aa) of the HBV Pol and 65 aa of a novel HBV sequence generated by a frameshift (MPLSYQHFRRLL LLDEEAGPLEEELPRLADEDLNRRVAEDLHLQLPNDPRPPVRDPAKP ARLLLKATLCIPHVAVQNLRTEIAPVFPSHHLGLSQNTYGSGPQSVSLG SVY) (31) . The pHBSP 39-111 plasmid was derived from the pCMV-S2.S vector (18) , which encodes the small (S) and middle (preS2-S) envelope proteins of the HBV envelope under the control of the cytomegalovirus immediate early gene promoter. In pHBSP 39-111, part of the amino-terminal sequence of the middle HBV envelope protein (preS2 domain) was replaced with the carboxy-terminal part of the HBSP sequence (aa 39 to 111), resulting in a fusion protein.
The TNT T7-coupled reticulocyte lysate system (Promega, France) was used for the in vitro translation of plasmid-encoded proteins. Proteins were analyzed by electrophoresis in 18% acrylamide gels.
Plasmids were purified using DNA purification columns (Endofree plasmid kit [QIAGEN, Hilden, Germany]; pHBSP 39-111) or were obtained from Plasmid Factory (Bielefeld, Germany; pHBSP). Both vectors were resuspended at a concentration of 1 mg/ml in endotoxin-free phosphate-buffered saline (PBS; Sigma, St. Quentin Fallavier, France).
Synthetic peptides. Bioinformatics and Molecular Analysis Section (BIMAS) software (National Institutes of Health, Washington, DC; http://bimas.dcrt.nih .gov/molbio/hla_bind/) and the SYFPEITHI algorithm (http://www.syfpeithi.de/) (25) were used to identify HBSP-derived peptides likely to bind to the HLA-A*0201 or HLA-B*0702 molecule. Four HLA-A*0201 (Pol A2-1, Pol A2-2, HBSP A2-1, and HBSP A2-2) and five HLA-B*0702 (Pol B7-1, HBSP B7-1, HBSP B7-2, HBSP B7-3, and HBSP B7-4) peptides were selected on the basis of binding affinity. HLA-A2-restricted HBV peptides (HBV surface [HBs] proteinderived peptides spanning aa 183 to 191 and HBs 348-357 [7] and an HBV core peptide spanning aa 18 to 27 [core [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [24]) and HLA-B7-restricted HBV peptides (HBs 232-240 and core 19-27 [2] ) were used as controls in cytotoxicity assays or to stimulate frozen PBMCs.
Overlapping 15-mer peptides (10-residue overlap) covering aa 39 to 111 of the HBSP (genotype A) were synthesized. Stock solutions of all synthetic peptides were prepared at a concentration of 1 mg/ml in water or, for a few peptides, in acetonitrile-H 2 O (vol/vol), depending on the supplier. Peptides were used individually or in pools of three to four peptides for the in vitro stimulation of PBMCs and for enzyme-linked immunospot (ELISPOT) assays. Peptides with a minimum purity level of 80% were purchased from NeoMPS (Strasbourg, France).
Mice. (23, 27) were used for immunization. Groups of 6-to 10-week-old female mice received two injections, 3 weeks apart, of pHBSP or pHBSP 39-111. Intramuscular nucleic acid immunization was carried out under anesthesia by injecting 100 g of plasmid DNA into regenerating (i.e., cardiotoxin-treated) tibialis anterior muscles as previously described (16) . The mice used were reared in the animal facilities of the Institut Pasteur, in accordance with the recommendations of the institutional ethics committee.
HBV-infected study population. Frozen PBMCs were obtained from nine HLA-A2-positive and seven HLA-B7-positive HBV-infected individuals (patients P1 to P9 and P10 to P16, respectively) from a previous study (9) . All patients had biopsy-proven chronic hepatitis, with or without active HBV replication, but none were immunocompromised or infected with human immunodeficiency virus, hepatitis C virus, or hepatitis D virus. PBMCs from three HBV-negative HLA-A2-positive (C1 to C3) and three HBV-negative HLA-B7-positive (C3 to C6) individuals were also included in the study.
In vitro expansion of mouse splenocyte and human PBMC populations. Mouse spleen cells were collected and depleted of red blood cells 7 to 10 days after the second DNA injection. Splenocytes were cultured (10 7 cells/well in 24-well plates) in 2 ml of ␣-minimal essential medium supplemented with 10 mM HEPES, nonessential amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM glutamine (Invitrogen, Cergy Pontoise, France), 50 nM ␤-mercaptoethanol, and 10% fetal calf sera (HyClone, Perbio, Belgium). Murine HLA-A2 splenocytes were stimulated by incubation for 7 days with peptide-pulsed (10 g/ml), lipopolysaccharide-induced, ␥-irradiated (100 Gy) syngeneic lymphoblasts as antigen-presenting cells at an effector/presenting cell ratio of 1:1 (14) . HLA-B7 splenocytes were stimulated with peptide only (10 g/ml) for 1 week.
Ficoll-purified human PBMCs stored in liquid nitrogen were thawed, washed, and incubated overnight at 37°C in complete medium (RPMI 1640 medium supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, nonessential amino acids, 100 U/ml penicillin, 100 g/ml streptomycin, and 10% human AB serum [Institut Jacques Boy, Reims, France]) in an atmosphere containing 5% CO 2 . PBMCs were counted (3 ϫ 10 6 cells/ml) and resuspended in complete medium supplemented with 20 ng/ml interleukin-7 (IL-7; Roche, Meylan, France) in 48-well plates. Cells were then stimulated by incubation for 3 days with 10 g/ml HLA-A2-or HLA-B7-restricted peptides or with pools of 15-mer peptides derived from the HBSP region from aa 39 to 111 (final concentration of each peptide, 2 g/ml). Every 3 to 4 days, half the medium was replaced with complete medium supplemented with recombinant IL-2 (50 IU/ml; Roche, Meylan, France). After 10 days of culture, gamma interferon (IFN-␥)-producing cells were specifically quantified by using ELISPOT assays.
Cytolysis assay. The levels of cytotoxic T-lymphocyte (CTL) activity of HLA-A2 and HLA-B7 mouse splenocytes were measured in a short-term 51 Cr release assay against RMA-S HHD (23) and RMA-B7 (27) target cells, respectively. Target cells were pulsed with 10 g/ml of HBSP-or HBs-derived peptides or with HLA-restricted irrelevant core peptides. After 4 h of incubation at 37°C in an atmosphere containing 5% CO 2 , 50 l of the supernatant was collected and evaluated with a beta counter. Levels of spontaneous and maximum release from targets incubated with either medium alone or lysis buffer (5% Triton X-100, 1% sodium dodecyl sulfate) were determined. The percentage of lysis was calculated in triplicate as follows: (experimental release Ϫ spontaneous release)/(maximum release Ϫ spontaneous release) ϫ 100. Results were considered positive if specific lysis (obtained by subtracting the lysis of targets loaded with the irrelevant peptide) was Ն10% for two consecutive effector/target ratios.
IFN-␥ ELISPOT assays. IFN-␥-producing splenocytes were quantified by ELISPOT assays after a 24-h period of stimulation with peptides, as previously described (14) . Briefly, sterile 96-well nitrocellulose HA plates (Millipore, Bedford, MA) were coated with 50 l of mouse monoclonal antibody (mAb) against IFN-␥ (R4-6A2; 5 g/ml; BD Biosciences, Le Pont de Claix, France) in 0.1 M bicarbonate buffer (pH 9.6) and incubated overnight at 4°C. Freshly isolated splenocytes were incubated with individual HBSP peptides at a concentration of 2 g/ml in supplemented ␣-minimal essential medium. Wells containing cells in culture medium alone were used as negative controls for the evaluation of background values.
A human IFN-␥ capture mAb (1-D1K; 15 g/ml; Mabtech, Stockholm, Sweden) was used with PBMCs. The wells were blocked by incubation with 200 l of 5% human AB serum in PBS at room temperature for 2 h. The coated wells were filled in triplicate with in vitro-stimulated cells (10 5 /well) in complete medium and the appropriate peptides (1 g/ml).
A Zeiss ELISPOT automatic counter was used to score the number of spots. Each cell population was titrated in triplicate. The response was considered positive if the median number of spot-forming cells (SFC) in triplicate wells was at least twice that in control wells containing medium and if at least 20 SFC per 10 6 splenocytes or 50 SFC per 10 6 PBMCs were detected after the subtraction of background values.
Intracellular staining assays. For intracellular cytokine staining experiments, freshly isolated splenocytes or in vitro-expanded populations of PBMCs were plated in the presence or absence of peptides (1 g/ml) and brefeldin A (2 g/ml; Sigma). Cells were washed and incubated with either anti-mouse or anti-human CD8-peridinin chlorophyll protein-and CD4-phycoerythrin-conjugated antibodies. Surface-stained cells were fixed with 2% formaldehyde in PBS. Fixed cells were resuspended in permeabilization buffer (PBS, 0.5% bovine serum albumin, 0.5% saponin, and 0.05% sodium azide) and incubated with fluorescein isothiocyanate-conjugated anti-IFN-␥ or fluorescein isothiocyanate-conjugated anti-IL-2 mAb (BD Biosciences, Le Pont de Claix, France) for flow cytometry analysis of peptide-specific T cells.
RESULTS
Production of HBSP from DNA plasmids. Two plasmids containing all or part of the HBSP sequence were constructed (Fig. 1A) . The pHBSP vector expresses a fusion between the first 46 residues of HBV Pol and 65 aa encoded by the HBV ARF generated after the splicing of the 3.5-kb HBV mRNA (31) . In the pHBSP 39-111 vector, sequences derived from the HBV ARF are fused in-frame within the preS2 part of the pCMV-S2.S vector, leading to the production of a fusion protein along with the small HBV envelope protein.
In vitro translation was used to check that the expected proteins were produced from the HBSP constructs (Fig. 1B) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis showed that the pHBSP vector generated a protein with the expected size of 12 kDa (lane 1). Due to the presence of two in-frame ATG codons, the pCMV-S2.S vector used as a control generated the middle and small HBV envelope proteins (lane 3) (18) . As expected, pHBSP 39-111 generated a 35-kDa protein corresponding to the fusion of HBSP and the small HBV envelope protein (lane 2). Bands of higher molecular masses corresponded to dimeric forms of HBV envelope proteins.
Prediction of major histocompatibility complex (MHC) class I-restricted candidate epitopes from HBSP. Taking advantage of the predominance of the HLA-A*0201 and HLA-B*0702 class I molecules in the human population and the availability of transgenic mice expressing these molecules, we analyzed the amino acid sequence of the HBSP polypeptide (see Materials and Methods) by using the SYFPEITHI (25) and BIMAS (21) algorithms to identify the 9-mer peptides most likely to bind these two molecules. Several different HBSP peptides were selected on the basis of scores of 19 or higher from the SYFPEITHI database plus the prediction by the BIMAS algorithm of stable, high-affinity binding to the HLA-A2 or HLA-B7 molecule ( Table 1) . Three of these peptides corresponded to the pol-derived sequence and six corresponded to the new ORF. The HBSP B7-2 peptide, with a score below 19 from the SYFPEITHI database and no prediction of binding by the BIMAS algorithm, was used as a negative control.
Induction of HBSP-specific CTLs after immunization with DNA plasmids encoding HBSP. We investigated whether the processing of HBSP could generate the peptides predicted by the algorithms and whether MHC class I binding determinants could specifically stimulate CD8 T cells. Transgenic mice expressing the human HLA-A*0201 or HLA-B*0702 molecule but deficient in mouse MHC class I molecules (23, 27) were immunized twice with plasmids encoding HBSP. Spleen cells obtained from mice 7 to 10 days after injection were stimulated ϩ -T-cell responses were detected in the spleens of immunized HLA-A2-Tg mice after in vitro stimulation with three of the four HLA-A2-restricted peptides ( Fig. 2A) but not after stimulation with the HBSP B7-1 peptide used as a control (data not shown). Two of these stimulating peptides corresponded to the new ORF (HBSP A2-1 and HBSP A2-2), whereas the third corresponded to the Pol domain of HBSP (Pol A2-2). However, these responses were sporadic, as only 1 in 14, 4 in 25, and 3 in 13 immunized mice developed cytotoxic responses specific for Pol A2-2, HBSP A2-1, and HBSP A2-2, respectively.
CTL activity against the Pol-derived B7 epitope (Pol B7-1) in HLA-B7-Tg mice was detected, with only 1 of the 12 immunized mice responding (Fig. 2B) . No cytotoxic activity against target cells loaded with the HBSP B7-3 or HBSP B7-4 epitope predicted by computer analysis was found. Targets loaded with HBSP B7-2, a peptide with a low predicted binding affinity, were not lysed by primed splenocytes either. In contrast, 15 of the 18 immunized mice generated an efficient specific CTL response against HBSP B7-1-pulsed target cells.
We also assessed cytotoxic activity in mice immunized with the pHBSP 39-111 vector, which encodes a fusion between the C-terminal part of HBSP and the small HBV envelope protein.
As a positive control of CTL induction, we checked the response against the well-described HBs-derived HLA-A2-restricted epitope HBs 348-357 in HLA-A2-Tg mice. Efficient specific lysis in 7 of 12 mice was observed (Fig. 2C) . Cytotoxic activity against HBSP epitopes was observed only with the HBSP A2-2 peptide, in a single mouse. Among HLA-B7-Tg immunized mice, splenocytes from only one animal responded to HBSP B7-3 and none responded to HBSP B7-4 or HBSP B7-2. As a control for HBs-specific responses, three of six mice had cytotoxic T cells specific for the HLA-B7-restricted HBs 232-240 epitope (2) . By contrast, efficient specific lysis was found with effector cells from all HLA-B7-immunized mice and target cells loaded with the HBSP B7-1 peptide (Fig. 2D) . To confirm the specificity of the CTL responses, cross-stimulation experiments were performed. Following the in vitro stimulation of splenocytes from HLA-A2 or HLA-B7 immunized Tg mice with HLA-B7 or HLA-A2 peptides, respectively, less than 5% lysis of target cells was observed. The stimulation of spleen cells from nonimmunized mice with predicted HLA-A2 or HLA-B7 peptides showed no in vitro activation of HBSP-specific T cells (Fig. 2E and F) .
Thus, HBSP is immunogenic in vivo and plasmids encoding HBSP prime cytotoxic CD8 ϩ T cells after DNA injection. However, the T-cell response was highly dependent on the MHC class I molecule, with an immunodominant response observed in HLA-B7-Tg mice.
Induction of IFN-␥-secreting T cells after immunization with DNA plasmids encoding HBSP. Spleen cells from immunized mice were used in an ex vivo ELISPOT assay for the complete mapping of HBSP peptides recognized by T cells. This assay was used to detect IFN-␥-secreting T cells after overnight stimulation with 9-mer peptides predicted to bind MHC class I molecules or with four pools of 15-mer overlapping peptides covering the HBSP ARF sequence.
In pHBSP-immunized HLA-A2-Tg mice, IFN-␥-secreting T cells were observed only after stimulation with peptide pool 39-78 (including peptides covering the sequence from aa 39 to 78). Fine characterization of the T-cell response showed it to have been induced by the individual peptide spanning aa 64 to 78 (peptide 64-78) from this pool (Fig. 3A) . In samples from the 25 mice tested, no IFN-␥-secreting T cells were found after ex vivo stimulation with peptides identified by computer analysis. When the pHBSP 39-111 vector was used, the T-cell response was directed against the HLA-A2-restricted epitope HBs 348-357 only (data not shown). This indicates that the frequency of CD8 ϩ T cells recognizing HBSP A2-1 and HBSP A2-2 was probably low, with these cells being detectable only after in vitro stimulation (see above).
When HLA-B7-Tg mice were immunized with pHBSP 39- 
CD8
ϩ T cells, whereas frequencies of HBSP B7-3-specific T cells were much lower (Fig. 3C and D) .
T-cell reactivity was also observed after the ex vivo stimulation of splenocytes with the 15-mer peptides 79-93 and 39-53, which include the predicted HBSP B7-1 and HBSP B7-3 sequences, respectively. Again, IFN-␥ secretion in response to peptide 64-78 was observed. This response occurred in both Tg lineages (Fig. 3A and B) and was due to the activation of CD4 ϩ T cells (data not shown). It was therefore restricted to murine IAb molecules. None of the other 15-mer HBSP peptides activated T cells such that IFN-␥ was produced. The immunization of HLA-B7-Tg mice with pHBSP gave similar results, except that no response was observed after HBSP B7-3 peptide stimulation (data not shown). Thus, the processing of the HBSP polypeptide produced in vivo from plasmid DNA efficiently generates peptides that activate T cells, leading to the secretion of IFN-␥. This response focuses primarily on an immunodominant epitope, HBSP B7-1, presented by HLA-B*0702.
Detection of HBSP-specific T-cell responses in HBV-infected patients. It was then important to determine whether HBSP is processed and presented as peptides during HBV infection in humans. We addressed this question by using frozen PBMCs from patients chronically infected with HBV (9). T-cell responses were first analyzed in an IFN-␥ ELISPOT assay by using the two computer-predicted HBSP peptides found to be immunogenic in HLA-A2-Tg mice. PBMCs from four of the nine HLA-A2-positive patients (P2, P4, P5, and P7) displayed significant T-cell activation with the HBSP A2-1 peptide (Fig. 4A) . In contrast, neither the HBSP A2-2 peptide nor the peptides derived from Pol induced significant IFN-␥ release from the PBMCs of the eight individuals tested (Fig. 4B and data not shown). As expected, no IFN-␥ production could be observed after in vitro stimulation of PBMCs from HLA-A2 patients with peptide HBSP B7-1 ( Table 2) . To appreciate the relevance of the HBSP-specific response during chronic HBV infection, we used three well-described HLA-A2 peptides de- (Table 1) , and IFN-␥-secreting T cells against the indicated peptide were quantified. The dotted lines indicate the cutoff point for the ELISPOT assay.
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rived from HBV structural proteins to stimulate PBMCs in parallel assays. Among PBMCs from HLA-A2-positive patients with HBSP-specific T cells, T-cell responses to envelopeand core-derived peptides are not systematically detectable at the same time point ( Table 2) . As described previously, the number of detectable IFN-␥-secreting T cells is highly variable depending on patient characteristics, the stage of the disease, and the serum viral load (3, 33) . We then performed experiments with peptides predicted to bind the HLA-B7 MHC class I molecule. No response was observed after the in vitro stimulation of PBMCs with HBSP B7-2, HBSP B7-3, and HBSP B7-4 (data not shown). With the peptide corresponding to the HLA-B7-restricted epitope identified as being immunodominant in Tg mice (HBSP B7-1), significant levels of IFN-␥ release from PBMCs of only one of seven HLA-B7-positive individuals were detected (Fig. 4C) . We checked that the detected responses were HBV specific by analyzing PBMCs from three HBV-negative, HLA-A2-positive and three HBV-negative, HLA-B7-positive individuals. None of these patients had T cells that responded to the HBSP A2-1, HBSP A2-2, or HBSP B7-1 peptide after stimulation (Fig. 4A , B, and C, C1 to C3 and C4 to C6).
We sought an explanation for the low frequency of HBSP B7-1 epitope recognition in humans by checking HBV databases for variations in the sequence of this epitope among natural HBV isolates. PBMCs from five HLA-B7-positive patients displaying no recognition after stimulation with the HBSP B7-1 peptide were stimulated in vitro with each of the naturally occurring variants (V1 to V3) of the HBSP B7-1 epitope (Table 1) . ELISPOT assays were then carried out with each of the individual peptides. Among PBMCs from patients P16 and P11, T cells reacting with variant peptides V2 and V3, respectively, were observed (Fig. 4D) . Therefore, the HBSP B7-1 epitope was generated during the natural course of chronic HBV infection but could not be considered a dominant epitope in this setting. In contrast, PBMCs from approximately half of the HBV-infected HLA-A2-positive patients tested displayed a response against the HBSP A2-1 epitope.
We further documented HBSP-specific responses by using pools of HBSP 15-mers covering the HBSP sequence from aa 39 to 111 translated from the HBV ARF. The PBMCs of the six HBV-negative patients (C1 to C6) did not produce significant amounts of IFN-␥ upon exposure to the peptide pools (Fig. 5, left panel) . Among PBMCs from five patients with chronic HBV infection, HBSP-specific T cells were found after in vitro stimulation with pools of 15-mer peptides. Incubation with three pools of peptides not corresponding to the N-terminal part of the HBSP region from aa 39 to 111 (aa 39 to 63) induced significant IFN-␥ release from T cells. PBMCs could be stimulated by two or three different peptide pools (Fig. 5 , left panel, P2 and P12), but the 54-78 pool was the most frequently recognized. When the three peptides of this pool were used individually to activate T cells in ELISPOT assays, all three peptides activated T cells, leading to IFN-␥ production (Fig. 5, right panel) . However, the highest levels of IFN-␥ production were observed following stimulation with peptides 54-68 and 59-73. As the 15-mer peptides used in ELISPOT assays can react with both MHC class I and class II molecules, we analyzed the phenotypes of the IFN-␥-secreting T cells from two patients. Fluorescence-activated cell sorter analysis showed that the HBSP-specific T cells activated by peptides 54-68 and 59-73 were CD4 ϩ T cells (Fig. 6 ). Intracellular staining for cytokines showed that cells from patient P10 produced both IL-2 and IFN-␥ in response to stimulation with peptide 54-68.
Thus, these results demonstrate the existence of a cellular immune response specific for epitopes derived from HBSP in chronically HBV-infected individuals. This response is multispecific, as several epitopes were recognized, and is mediated by CD8 ϩ and CD4 ϩ T cells.
DISCUSSION
In this study, we used a combination of three approaches to identify T-cell epitopes within a recently identified HBV protein encoded by a 2.2-kb singly spliced HBV RNA. Bioinformatic predictions of peptide-HLA binding and in vivo assays with HLA-transgenic mice were used to define HLA-A2-and HLA-B7-restricted epitopes. Overlapping 15-mer peptides spanning the HBSP sequence were used to characterize the T-cell responses further. HBSP induced potent CD8
ϩ -T-cell responses in transgenic mice. Moreover, we found that the epitopes defined by experiments with transgenic mice were able to recall, in vitro, specific IFN-␥-secreting T-cell responses among PBMCs from patients with chronic HBV infection. Using the 15-mer peptide library, we also demonstrated the activation by HBSP of CD4
ϩ -T-cell responses in HBV-infected individuals.
HLA-Tg mice with knockouts of murine MHC molecules have proven to be excellent preclinical models for the characterization of epitopes relevant to T-cell recognition in humans. Furthermore, the antigen-processing machinery is highly conserved in mouse and human cells (22) . In the first part of this study, we used a strategy for searching for MHC class I-presented stimulating peptides in a previously uninvestigated protein from HBV. The MHC-peptide binding (BIMAS) and epitope prediction (SYFPEITHI) programs identified eight peptides as potential targets of the CD8 ϩ -T-cell response in vivo. However, the correlation between predictive scores and the results of T-cell stimulation assays with HLA-Tg mice was not perfect. In our hands, the correlation between epitope prediction and in vivo T-cell responses was better for HLA-B7-than for HLA-A2-restricted epitopes. It should be noted that, although a peptide must bind to MHC molecules to form epitopes, it must first be obtained from the original protein by proteasome cleavage or another processing pathway. There must also be T-cell receptors that bind to these complexes with a sufficiently high affinity for T-cell activation.
We then produced HBSP either alone or as a fusion with the small HBV envelope protein, which carries the HBs antigen. This approach made it possible to compare the relative immunogenicities of these two HBV proteins when coexpressed from the same vector in vivo in HLA-Tg mice. In HLA-B7-transgenic mice immunized with DNA vectors encoding HBSP, the response appeared to focus on an immunodominant epitope (HBSP B7-1), whether HBSP was produced alone or as a fusion with the HBV small envelope protein. However, using the vector encoding the fusion with the HBs antigen, we identified an epitope (HBSP B7-3) not detected after immunization with the vector encoding HBSP only. This finding may be due to the help provided by HBs-specific CD4 ϩ T cells in the development of CD8
ϩ -T-cell responses (19) . In contrast, in HLA-A2-Tg mice, the response to the full-length HBSP was multiepitopic-targeting at least three epitopes within HBSP-but was sporadic in transgenic animals. When HLA-A2-Tg mice were immunized with the vector encoding the fusion protein, T-cell responses clearly focused on an HLA-A2-restricted HBs-derived epitope. Immunodominance occurs when only a small fraction of all the possible determinants from a given antigen elicit an immune response in vivo (34) . HBV envelope proteins have been reported to be strongly immunogenic in both humans and HLA-A2-Tg mice, with well-characterized HLA-A2-restricted epitopes (14, 15, 20) . In contrast, few HLA-B7-restricted epitopes derived from envelope proteins have been described as immunogenic in patients (2) . This situation is consistent with our findings showing that the HBs 232-240 epitope was less immunogenic than the HBSP B7-1 epitope in immunized HLA-B7-Tg mice (Fig. 2D) .
We provide the first evidence of T-cell-mediated immune responses to HBSP in subjects chronically infected with HBV. HBSP has been detected in liver samples from chronic HBV carriers with high levels of viral replication (32). Although we did not directly search for HBSP in the livers of infected individuals in the present study, we were able to identify the signature of the previous or remaining presence of the antigen by demonstrating the presence of both CD4 ϩ and CD8 ϩ T cells specific for HBSP. Several peptides were recognized by memory T cells among PBMCs from chronic HBV-infected individuals but not among PBMCs from control subjects. 
